SUMMARY ANSWER: In KS, germ cell loss is not observed in testicular tissue from fetuses in the second semester of pregnancy but present at a prepubertal age when the testicular architecture is still normal, while fibrosis is highly present at an adolescent age.
Introduction
Azoospermia is identified in 10-15% of men consulting a fertility clinic. Aneuploidy is diagnosed in 15% of these azoospermic patients, with Klinefelter syndrome (KS) being the most commonly found numerical anomaly in infertile men (Cocuzza et al., 2013) . Aneuploidy in KS is characterized by the presence of at least one extra X chromosome (Groth et al., 2013) . The adult KS testis shows extensive fibrosis and hyalinization of the seminiferous tubules (Aksglaede, 2005) . However, foci of spermatogenesis can be present in these patients allowing them to become a father of their genetically own children after testicular sperm extraction (TESE) and subsequent ICSI. In a recent metaanalysis, the general success rate of finding sperm in patients with KS after TESE was reported to be 40% (Corona et al., 2017) . Different parameters have been explored to be used as predictive markers for successful sperm extraction. However, up to now, the only reliable predictive marker appears to be the age of the patient at testicular biopsy (Fullerton et al., 2010) , although this has not been the case in all studies (Vernaeve et al., 2004; Corona et al., 2017) . Parents of boys diagnosed with KS before puberty, may opt for a TESE procedure performed in their son at young age with the intention to cryopreserve the collected sperm cells for later use. However, initial reports, including ours, showed no greater benefit of collecting spermatozoa at an adolescent age (Wikström, 2004; Gies et al., 2012; Van Saen et al., 2012; Nahata et al., 2016) . Furthermore, histological studies have shown that only small numbers of spermatogonia are present in the testicular biopsies from adolescent boys (Wikström et al., 2007; Van Saen et al., 2015) . It is assumed that germ cell loss in KS patients increases around puberty (Wikström, 2004) . Data from germ cell loss in prepubertal KS patients are scarce and often based on hormonal levels which tend to be normal until puberty (Salbenblatt et al., 1985; Bastida et al., 2007) . In the KS mouse model, the number of germ cells in the testes at the first postnatal day was five times lower compared to littermate controls. This indicates that the germ cell loss is already initiated before birth (Werler et al., 2014) . Assuming that spermatogonia are still present before the onset of puberty, we recently introduced an experimental cryopreservation programme for prepubertal boys who had a prenatal or neonatal diagnosis of KS. Testicular biopsies are cryopreserved using the same protocol as for prepubertal boys undergoing gonadotoxic treatments (Picton et al., 2015) . The cryopreservation programme for prepubertal KS boys provides access to prepubertal testicular biopsies since informed consent was obtained to use part of the biopsy for experimental research. The study of these testicular biopsies, albeit being scarce, can add important information to the current knowledge of the progression of germ cell loss in KS patients.
Whether germ cell loss is already present at a foetal age is also a matter of debate. Normal histology was described in two reports (Gustavson et al., 1978; Flannery et al., 1984) , while reduced germ cell numbers were reported in other studies (Murken et al., 1974; Coerdt et al., 1985) . Therefore, we aimed, in our research, to characterize germ cell loss in Klinefelter patients throughout both prenatal and postnatal testicular development.
Materials and Methods

Ethical approval
This study has been approved by the internal review board of the UZ Brussel (B.U.N. 143201524312).
Patient samples
For the adolescent and adult patients, azoospermia was first confirmed in a semen sample. For all adult patients, semen was obtained after masturbation and they were all found to be azoospermic. Adult testicular tissue from non-mosaic KS men (n = 27) was collected from patients undergoing a TESE procedure as part of their fertility treatment. TESE was performed under general anaesthesia by an open-excisional technique (Tournaye and Donoso, 2004) . After hemiscrototomy, the scrotal contents were inspected and after opening of the tunica albuginea, small multifocal biopsies were taken with (micro-TESE) or without (c-TESE) magnification. Testicular sampling was continued until spermatozoa were found or until the whole testicular mass was sampled without finding spermatozoa. If no spermatozoa were found by the mechanical process, a testicular biopsy was sent to the andrology lab to perform an enzymatic digestion incubation with Collagenase GM501 (90020, Gynétics Services, Lommel, Belgium) for 1 h at 37°C (Crabbé et al., 1997) . Another randomly taken small biopsy from each testis was routinely sent to the pathology department from the UZ Brussel and was used in this study. Testicular tissues from controls (C) were collected after written informed consent from patients undergoing vasectomy reversal (n = 5). Paraffin-embedded tissues from patients with Sertoli-cell only (SCO) syndrome (n = 22) were obtained from the pathology department. These patients do not have germ cells nor fibrotic testes. The association between the endocrine state and the TESE outcome was also evaluated. Recently, the endocrine state (LH ≤ 17.5 IU/L and testosterone ≥7.5 nmol/L) was reported as a predictive value for sperm retrieval in KS patients (Rohayem et al., 2015) . The hormonal profile was available for 20 out of the 27 adult KS patients.
Peripubertal (n = 20, aged 12-16 years) KS testicular tissue was obtained from our testicular cryopreservation programme, which was started in 2009 on a research basis Van Saen et al., 2012) . All included patients had a non-mosaic 47, XXY karyotype except for one who had the karyotype 48, XXYY. Only one patient was diagnosed prenatally, while the others were diagnosed at later age because of learning problems (n = 3), behavioural changes (n = 7), motor retardation (n = 2) or arrested testicular growth (n = 5). In two patients, the indication for karyotyping was not known (Table 1) . Exclusion criteria were current testosterone therapy and present or previously corrected cryptorchidism. Two patients had testosterone replacement therapy, but therapy was stopped at least six months before the biopsy was taken. Patients were followed 4-month by assessing testicular volume, FSH and inhibin B concentrations and spermaturia with the aim of detecting early spermatogenesis. When no further testicular growth, a decreasing inhibin B or increasing FSH concentration was observed and azoospermia was evidenced in a semen sample after masturbation or after penile vibrostimulation or electroejaculation, TESE and testicular tissue banking was proposed. In all but one adolescent KS boy a semen sample could be evaluated for the presence of spermatozoa. Semen was obtained after masturbation in six adolescent patients, while in the remaining 13 KS boys, vibrostimulation or electroejaculation was performed. The different options to perform TESE (unilateral or bilateral/one biopsy or multiple biopsies) were discussed with the parents and/or the patient himself. The preferred choice for each patient is recorded in Table 1 . A single larger biopsy was taken to perform testicular tissue banking. Most of the testicular tissue was cut in 6 mm 3 fragments and frozen according to the non-controlled freezing method (Baert et al., 2012) for potential later use. A randomly taken single small biopsy was fixed for histological purposes. Written informed consent was obtained from both the parents and teenager.
Testicular tissue from four non-mosaic 47, XXY prepubertal boys (aged 4-7 years) has been cryopreserved in our experimental protocol up to now. Two boys had a prenatal diagnosis (advanced mother's age) while in two others, karyotyping was performed in the neonatal period because of ICSI follow-up or neonatal hypotonia. Control testicular samples from boys undergoing testicular tissue preservation before the start of a gonadotoxic cancer therapy were available for comparison. Ten prepubertal (aged 1.5-10 years) and five peripubertal (aged 12-15 years) controls were included after informed consent by the parents to use part of the testicular tissue for research.
Paraffin-embedded testicular tissue from five foetuses with a 47, XXY karyotype (gestational age of 19-21 weeks) was obtained from the pathology department of the UZ Brussels. For all but one foetus, pregnancy was terminated after the prenatal diagnosis. For the remaining foetus, a congenital cytomegalovirus infection together with prenatal diagnosis of 47, XXY was the reason for abortion. Testicular tissue from five control foetuses with normal macroscopic testes at autopsy were also obtained from the same department. Three foetuses were spontaneously aborted by preterm premature rupture of membranes while two other pregnancies were terminated, one because of congenital cytomegalovirus infection and the other after diagnosis of cleft lip and palate.
Histological examination
Formol-fixed and paraffin-embedded tissue from foetal and adult patients was collected at the Pathology department. Testicular tissue from pre-and peripubertal patients was fixed in hydrosafe fixative (R10 S7-16-60, Labonord, Rekkem, Belgium) for at least one hour immediately at arrival in the lab. When samples arrived too late to be included in the fixation process at the pathology department, the biopsy was stored overnight at 4°C in Dulbecco's Modified Eagle's medium before fixation the next day. A recent report from our lab showed that short term storage does not alter tissue morphology in testicular samples (Faes and Goossens, 2017) . After embedding in paraffin, 5 μm-thick sections were made at three different depths with an interval of 100 μm.
To assess the number of spermatogonia, slides were stained for Melanoma-associated antigen 4 (MAGE-A4; provided by Dr Giulio Spagnoli, University of Basel, Switzerland), as described before (Van Saen et al., 2011) . Histomorphometric analysis was performed by light microscopy at a total magnification of ×400. One cross-section (five image fields per cross-section or less if the biopsy was not large enough) was evaluated per depth and per patient. For each cross-section, the percentage of MAGE-A4 positive tubules was determined amongst the normal seminiferous tubules (longitudinal cross sections, without disturbed cellular interactions) as well as the total number of MAGE-A4 positive cells per tubule and per positive tubule. If, in prepubertal and peripubertal patients, no spermatogonia were observed in the first three sections, one vial which was originally cryopreserved for the patient's use was thawed, fixed and the two small biopsies from the vial were examined. For the foetal tissue, only two sections were evaluated. Since individual tubules were not always easily identifiable, the number of MAGE-A4 positive cells was calculated per surface (MAGE-A4 + cells/mm 2 ).
Structural integrity was evaluated by haematoxylin-periodic acid Schiffhematoxylin (H/PAS) staining. The occurrence of testicular fibrosis was semi-quantified by giving a score on a scale from 0 to 4: (0) normal tubules and normal interstitial organization; (1) normal tubules and interstitial fibrosis; (2) degenerating tubules and interstitial fibrosis; (3) only hyalinized tubules; (4) no tubules. When the tubular morphology was well-preserved (intercellular adhesion, attachment of cells to the basal lamina, intact basement membrane), the tubules were scored as normal. Tubules were considered degenerated when the following changes were observed: (i) degenerative Sertoli cells with pyknotic nuclei, (ii) detachment of cells from the basement membrane, (iii) loss of intercellular contacts and/or (iv) thickened basal lamina. Hyalinised tubules showed massive thickening of the basement membrane and complete loss of seminiferous epithelial cells. A score was given to each evaluated image field and the definitive score for each patient was the mean score from the different image fields. The percentages of normal, degenerated and hyalinised tubules were calculated. All histological examinations were performed on an inverted light and fluorescence microscope (Olympus IX81). Digital images were made using a digital camera (CC12 Soft imaging System) and evaluated with the image processing program ImageJ.
Statistical analysis
Data are expressed as mean ± SD. Statistical analysis was performed using GraphPad Prism 6.0 (La Jolla, CA, USA). Statistical differences between KS and control samples were determined using the Mann-Whitney U test. Kruskal Wallis test with Dunn's multiple comparisons test as a post-hoc test was used to compare KS, controls and SCO. The chi-square test was used to determine the difference between age groups and hormone groups considering the TESE outcome in the adult KS patients. P-values of <0.05 were considered significant.
Results
Sperm cell retrieval in ejaculate or TESE and presence of germ cells in testicular biopsies
No sperm cells were observed in the semen samples from the adolescent boys. When azoospermia was confirmed, TESE was performed. Testicular spermatozoa during TESE were found in 13 of the 27 adult patients (TESE + , 48.1%, 18-41 years; Fig. 1A ). The success of finding sperm cells was not different between the different age groups (Fig. 1B) . No difference in TESE outcome were observed in two different groups according to their endocrine profile. Supplementary Fig. S1A ). The hormonal profile was available for 19 out of 20 adolescent boys.
In only one out of 20 (5.0%) adolescent KS boys, spermatozoa were found during TESE. The boy having a positive TESE had hormone levels within the LH ≤ 17.5 IU/L and testosterone ≥7.5 nmol/L range ( Supplementary Fig. S1B ). In all patients a testicular biopsy was taken, fixed and evaluated for the presence of germ cells. The biopsies were characterized as having 'no germ cells' when no germ cells at all were detected by MAGE-A4 staining, 'only spermatogonia' when only MAGE-A4 positive were observed and 'differentiation' when at least meiotic cells were observed. In three of the four prepubertal KS boys, spermatogonia were observed in the analysed biopsies (Fig. 1C) . MAGE-A4 positive cells were detected in six adolescent patients (30.0%). In only one patient, tubules having differentiation up to the spermatid level were observed histologically. The other five testicular biopsies showed spermatogonia as the most advanced germ cell stage (Fig. 1C ). Four out of six patients having a positive MAGE-A4 staining in their testicular biopsy had inhibin levels in the normal range (above 100 ng/L). In one patient, gonadotrophin levels were not determined while the remaining patient had undetectable inhibin B levels. In patients whose testicular biopsy was negative for MAGE-A4, inhibin B levels were lower than the normal range (<70 ng/L) ( Table 1) .
The testicular biopsies for the adult patients were divided in biopsies from patients in which sperm cells were found during TESE (TESE + ) and patients without testicular sperm cells (TESE − ). In 53.8% of the patients with a positive TESE, MAGE-A4 staining in the testicular biopsy was negative, confirming the focal occurrence of spermatogenesis in KS testes. In the testicular biopsies from the remaining patients with a positive TESE, spermatogenesis (23.1%) or only spermatogonia (23.1%) were observed (Fig. 1A) . In the group without testicular spermatozoa during TESE, ongoing spermatogenesis was observed in the evaluated testicular biopsy in 3 out of 14 patients (21.4%).
Detailed germ cell characterization in KS patients
In foetal KS testicular samples, 66.6 ± 43.5 MAGE-A4 + cells per mm 2 were observed ( Fig. 2A) , which was not significantly different from control samples (97.7 ± 37.2 MAGE-A4 + cells per mm 2 ). However, a high variability amongst the samples was noticed (Fig. 2B) . MAGE-A4 positive biopsies from prepubertal KS boys contained significantly fewer positive tubules (1.4 ± 1.1%) compared to the control group (51.7 ± 19.6%; P = 0.0141; Fig. 3A, E and I) . The average number of spermatogonia per total tubules and per positive tubules was respectively 0.03 ± 0.03 and 1.63 ± 1.1 in KS boys and 2.5 ± 1.6 and 3.7 ± 1.5 in controls (P = 0.0020 for spermatogonia per total tubules; P = 0.0397 for spermatogonia per positive tubules; Fig. 3J ).
In the peripubertal group, 6 out of 20 biopsies showed positive MAGE-A4 staining. In 2.9 ± 8.6% of the tubules in all adolescent patients, MAGE-A4+ cells were observed which was lower compared to controls (86.4 ± 9.7%; P = 0.0002; Fig. 3B, C 
± 2.4 MAGE-A4
+ cells were present per tubule, which is lower than in controls (7.3 ± 3.7; P = 0.0007). The same is true for MAGE-A4 + cells per positive tubule (3.0 ± 7.7 and 8.1 ± 3.5 MAGE-A4 + cells for KS and controls, respectively; P = 0.0063; Fig. 3J ). In 33.3% of the adult KS biopsies, a positive MAGE-A4 staining was observed. In these samples, only 11.6 ± 22.0% of the tubules contained germ cells, whereas fertile controls showed MAGE-A4 + cells in 96.7 ± 7.3% of the tubules (P = 0.0002; Fig. 3D and H). In adult KS men, 1.9 ± 4.0 positive cells were counted per tubule compared to 28.9 ± 6.3 in the control group (P < 0.0001). On average, 5.8 ± 10.6 and 29.8 ± 5.5 positive cells were observed per positive tubule in KS and controls, respectively (P = 0.0007; Fig. 3J ).
Analysis of testicular architecture and fibrosis in KS and SCO patients
Testicular biopsies from foetal and prepubertal KS patients did not show high levels of testicular fibrosis (Fig. 4A-D and M) . However, in peripubertal KS tissue, fibrosis of variable degree (different scores for the occurrence of fibrosis) was documented (P = 0.0041; Fig. 4E and F). Almost 50% of the patients presented with fibrotic score 3, meaning that most of the tubules were already hyalinised and interstitial fibrosis was present. In 10% of these KS adolescent patients, no seminiferous tubules were seen since the biopsy contained only fibrotic tissue (Fig. 4M ). In the adult group, SCO patients were also included. These patients lack germ cells, but their testes do not show the typical fibrotic outcome per age category in adult KS patients. (C) Germ cell distribution in testicular biopsies from KS patients from prepubertal up to adult age. The presence of spermatogonia and differentiation (ongoing spermatogenesis) was evaluated in testicular biopsies from KS patients and compared to agematched controls. Control samples were from prepubertal (1-10 years) and peripubertal patients (12-15 years) undergoing testicular tissue banking because of risk for germ cell loss. TESE, testicular sperm extraction; spgia: spermatogonia.
reorganization of the testicular architecture as seen in KS patients. In the adult KS group, 46% of the biopsies were totally fibrotic (score 4) and 35% mainly showed hyalinised tubules (score 3). In the SCO group, 82% of the testicular biopsies had score 0-3, while the fertile control group did not show any signs of testicular fibrosis (Fig. 4G-L) . The occurrence of fibrosis was statistically different between controls and KS and between KS and SCO (P < 0.0001). No statistical difference was detected between the control group and SCO group (P = 0.1141).
In the foetal and prepubertal biopsies, more degenerated tubules were observed in the controls compared to the KS samples. Most of the tubules in foetal and prepubertal control samples were scored as degenerated since it looked like cells were detached from the basement membrane as can be seen in Fig. 4B in a foetal control sample. In the peripubertal group, hyalinised tubules (43.9%) were already present in the KS patients (P = 0.0009). Fewer normal tubules were observed in the KS group (25.4%) compared to the control group (65.1%) (P = 0.0089; Fig. 4N ). In the adult group, statistically more hyalinised tubules (32.9%) were present in the KS group compared to the control group in which no hyalinised tubules were observed (P = 0.0227). In a low number of SCO patients, hyalinised tubules (9.7%) Germ cell distribution at fetal age were also present but this was not different from the control and KS group. The percentage of normal tubules was not different between the KS group and the control group, but was different from the SCO group (P = 0.0174).
Discussion
Up to 95% of adult men with KS suffer from infertility due to a massive germ cell loss (Groth et al., 2013) . However, it remains unclear when this loss occurs. It is assumed that germ cell loss mainly occurs at midpuberty (Wikstrom, 2004) , but recent data have shown that testicular biopsies from peripubertal patients undergoing a TESE procedure generally contain very few germ cells Van Saen et al., 2012) . In this study, we therefore evaluated the presence of germ cells in testicular tissue biopsies at different developmental stages. In an initial report from our lab, spermatogonia were present in five out of seven adolescent boys. However, only in one boy, spermatogonia were observed in tubules with normal morphology (Van Saen et al.,
2011
). In the current study the benefit of fertility preservation at adolescent age was evaluated in a larger (n = 20) study population. As summarized in Fig. 5 , our data confirm that only a minority (30%) of the peripubertal patients have any germ cells left and in those patients, the germ cell number is very limited. Our findings indicate that extreme germ cell loss is already observed well before puberty. This suggests that germ cell loss occurs much earlier than previously expected.
On the other hand, normal germ cell numbers were found in testicular tissue from five KS foetuses. Previous data on testicular histology in KS foetuses were collected more than 30 years ago and were contradictory (Oates, 2012) . Proliferation of germ cells occurs during foetal development and continues into early postnatal life. During this period, primordial germ cells differentiate towards pre-spermatogonia and spermatogonia which co-incidences with loss of the pluripotent marker OCT4 (Mitchell et al., 2008) . Recently, the expression of OCT4 and MAGE-A4 was evaluated in testes from eight KS foetuses with a gestational age between 13 and 22 weeks. A decline in the Interstitial fibrosis was present in peripubertal KS patients and tubules have already started to degenerate and hyalinise (E,F). Testicular biopsies from adult KS patients were highly fibrotic (G-I).
Interstitial fibrosis (*), degenerating tubules (DT) and hyalinised tubules (HT) were present. However, normal tubules (NT) could still be found. Foci showing tubules with spermatogenesis can also be observed (**). Control testicular tissue with a normal morphology contained mainly normal tubules (J). Testicular biopsies were also from SCO patients (K-L). Most biopsies showed normal tubular architecture but lack germ cells. Although not number of OCT4 + cells was observed in the KS testes in line with the expected decline in control testes. However, an increase in the number of MAGE-A4 + cells was observed in the controls, while this increase was absent in the KS testes. The results in this study indicate that germ cells loss already occurs during early testicular development (Winge et al., 2017) . The gestational ages of the analysed foetuses in that study were similar to the gestational ages in the current study. The low number of samples and the high variation in the number of germ cells within the samples in this study could explain the lack of a statistical difference. Whether this variation already reflects the large variation present at adult ages in the KS population is difficult to prove, at least in humans. Testicular biopsies from the neonatal period are lacking in the current study. The youngest patient in our study was 4 years old. Theoretically, the germ cell loss could thus also occur perinatally. Also in the literature, histological data from the neonatal time period in KS boys are scarce and contradictory. Reduced germ cell numbers were reported in three boys younger than 2 years by Mikamo et al. (1968) , while Muller et al. (1995) found normal germ cell numbers in two neonatal boys. Testicular biopsies from nine other boys (2-13 years) did not contain any germ cells (Muller et al., 1995) . However, immunohistochemical staining using markers for germ cells were not performed in these studies.
The hormonal profile of testicular function has been studied in KS infants. It is reported that the mini-puberty occurs normally in KS boys although lower testosterone values were reported (Lahlou et al., 2004) . Shortly after birth, the pituitary-gonadal axis is activated, resulting in transiently high levels of FSH, LH, testosterone and inhibin B which decline to prepubertal levels at around 6-9 months of age, except for serum inhibin B levels which remain elevated up to the age of 15 months (Andersson et al.,1998) . This so-called mini-puberty is important for the regulation of long-term testicular functions and sperm production (Kurtoğlu and Baştuğ, 2014) .
The current gold standard for KS men is TESE in combination with ICSI at the time they want to become a father (Fullerton et al., 2010) , which in many cases coincides with their KS diagnosis because of infertility. From prenatal karyotyping results in Denmark, the prevalence of KS is estimated to be 153 per 100 000 live born males. However, in 2003 it was estimated that only 25% of the KS affected men are diagnosed and only 10% of the diagnoses are made before puberty (Bojesen et al., 2003) . With increased frequency of prenatal testing mainly because of the decreasing cost of non-invasive prenatal testing, it may be expected that diagnosis rate will increase. New data indicate that KS is being diagnosed earlier in life, with 21% being diagnosed prenatally, 12% during childhood, and 16% during puberty while diagnosis during adulthood has decreased to 51% (Herlihy and McLachlan, 2015) . Therefore, it is expected that the interest in early fertility preservation will increase.
Several fertility centres already offer the possibility of performing TESE at an adolescent age in KS patients. Initial reports, including ours, concluded that this strategy may be of limited value (Wikström et al., 2004; Gies et al., 2012; Van Saen et al., 2012) . Although different strategies (unilateral and bilateral/one biopsy and multiple biopsies) were performed, we did not obtain a high success rate in the adolescent group. On the other hand, some recent reports in adolescent KS patients show success rates similar to that in adult KS patients. For patients within the age of 15-19 years, successful TESE rates up to 57% have been reported (Plotton et al., 2015) . However, when the age was below 15 years, the success rate decreases to 10% (Rohayem et al., 2013; Plotton et al., 2015; Nahata et al., 2016) . In our study, more than half of the patients were younger than 15 years and spermatozoa could be obtained by TESE in one boy in the 13-16 years old patient group. A low success rate was also reported by Rives et al. (2013) where spermatozoa were found in one out of five boys between 15 and 17 years old who had a bilateral testicular TESE (Rives et al., 2013) . The low success rate in the adolescent group could be explained by the young age of the patients and might indicate that TESE is better performed at a later age. However, in this study, data are lacking from the 18-20 years group. Only one patient of 18 years old was included in this study and sperm was found in this particular patient, whereas the other patients in the 18-25 years old group were 23 years or older.
Another argument for the low success rate in adolescent KS patients is the possibility that the patients which were diagnosed before puberty are a more affected group compared to the patients who are only diagnosed at adult age. The adolescent patients were diagnosed after behavioural changes, learning disabilities and stagnation of testicular growth were observed. However, in the study of Plotton et al. (2015) no difference was observed in success rates from TESE between boys who were diagnosed at prenatal age, boys who were diagnosed during childhood because of learning disabilities or disturbed puberty and men who were diagnosed at adulthood.
Therefore, the efficiency of testicular sperm cell retrieval at an adolescent age should be questioned. It has been postulated that focal spermatogenesis in adult KS men arises from XXY spermatogonia undergoing an erroneous self-renewal with loss of one X chromosome self-correcting to XY spermatogonia (Sciurano et al., 2009) . Therefore, early sperm retrieval at adolescent age may even be contra-productive (Oates, 2016) .
The question is when we should perform TESE in patients who are diagnosed before or during puberty. Should we wait until they have a child wish or already perform TESE at a younger age and store sperm cells. Some reports showed that the chance of finding spermatozoa decreases with age: spermatozoa were found by micro-TESE in 31% of the patients between 20 and 45 years, while this was 45% for the group of 15-19 years (Rohayem et al., 2015) . The overall success rate in this study was 44% for the group of 20-41 years and no statistical differences were found between different age subcategories. In their meta-analysis, Corona et al. (2017) also concluded that age did not influence sperm recovery rate. The endocrine profile has also been common in SCO patients, in some biopsies, testicular fibrosis was observed. (M) Tubular fibrosis in testicular biopsies from foetal up to adult age. C, Control; KS, Klinefelter Syndrome; SCO, Sertoli-cell only; NT, normal tubules; DT, degenerated tubules; HT, hyalinised tubules. Graphs show the percentage of patients with different assigned fibrotic score. *Statistically different from control with P < 0.05; **statistically different from control with P < 0.001. (N) Tubular integrity in testicular biopsies from foetal up to adult (N). *Different from corresponding group in C; **different from corresponding group in SCO. suggested to be of predictive value for TESE outcome. Higher serum testosterone and lower LH concentrations have been associated with successful sperm isolation during TESE (Rohayem et al., 2015) . However, in our study we could not observe any difference in success rate according to serum testosterone and LH levels. It is generally known that the adult KS testis is highly fibrotic. We also observed fibrosis in both the peripubertal and adult biopsies. In contrast, in the prepubertal biopsies, no fibrosis was evidenced, although germ cells numbers were already drastically reduced. This suggests that the fibrotic process is initiated after the germ cell loss. However, the exact mechanism leading to testicular fibrosis in KS testes remains unknown. We hypothesize that the germ cell loss should not be considered as the initial causing factor of the fibrotic process. Other azoospermic patients, like patients with SCO syndrome, generally do not show fibrotic testes although they also lack germ cells. Fibrosis was seen in patients without spermatogenesis as well as in patients with spermatogenesis. The tubules having full differentiation were present in between the fibrotic areas. A link between atherosclerosis and declining testicular function and the occurrence of interstitial fibrosis was suggested in a mouse model (Langheinrich et al., 2012) . An altered vascularization pattern was already suggested in the KS model and could be responsible for a lower release of testosterone in the blood stream (Tüttelmann et al., 2014) . Whether the altered vascularization also has influence on the occurrence of fibrosis in the KS testes should be investigated. It is not clear whether the fibrotic process enhances germ cell loss at an older age since it starts as early as at adolescence. An increased presence of mast cells has been reported in biopsies from patients with SCO syndrome, germ cell arrest (GA) and mixed atrophy (MA (Meineke et al., 2000; Welter et al., 2011) . Their secretion products are known to induce inflammatory and fibrotic reactions. Tryptase, a secretion product from mast cells, is involved in the regulation of fibroblast proliferation. Altered fibroblast proliferation could lead to tissue fibrosis and collagen dispositions (Frungieri et al., 2002) .
In the foetal and prepubertal tissue samples, more degenerated tubules were observed in the control samples compared to the KS samples. Most of the degenerated tubules were scored as degenerated since cells were detached from the basement membrane. This could represent fixation or cutting artefacts. Especially in the foetal samples, a different fixative could be the cause since KS samples were collected from the archive at the pathology department and these were still fixed in Bouin. However, the control samples were fixed more recently when formol was used.
From our study, we can conclude that in KS patients, sperm recovery by TESE at early adolescent age does not appear to result in higher sperm retrieval efficiency compared to TESE at adult age. Moreover, germ cells are lost at a very young age, even before initiation of the fibrotic process. Hence, preventive testicular stem cell banking remains questionable and fertility preservation strategies are not recommended in KS boys.
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